Introduction {#S1}
============

Pair-bonds appear in nearly all human societies ([@B116]), and across other mammalian species ([@B132]). Monogamous pair-bonds are characterized by selective partner preference, cohabitation, bi-parental care of offspring, aggression toward strangers, and coordinated behaviors between the couple ([@B51]; [@B95]; [@B33]; [@B89]). Pair-bonds are thought to have evolved to increase the survival and success of offspring ([@B132]). In recent decades ideas about their function have expanded to include companionship, care, and evolutionary fitness ([@B32]; [@B15]; [@B113]).

In Western culture, romantic love---defined as a drive for union with a specific other that involves excitement, engagement, and sexual desire ([@B19]; [@B6])---is closely intertwined with marriage. Romantic love is associated with relationship satisfaction and stability, and individuals' health and well-being. However, for many couples it fades over time ([@B59]). Declines in romantic love often signal trouble for couples, as they are correlated with marital dissatisfaction, increased attention to alternative partners, extra-marital affairs, and divorce ([@B65]; [@B97]; [@B91]; [@B105]). In addition, relationship problems are non-trivially associated with higher rates of mental and physical health problems, suicide, and homicide ([@B80]). Thus, it is important to understand what may help couples to sustain romantic love to ensure the success of marriages and the family unit.

The newlywed years are a critical time that predict long-term marital outcomes ([@B97]). Specifically, researchers have described "honeymoon effects" in which initially positive and romantic marriages turn sour over time, with sharp declines in love, affection, and positive affect ([@B94]; [@B88]). Several explanations have been offered for declines in love, from cognitively and perceptually focused "disillusionment" models ([@B64]; [@B128]; [@B103], [@B102]), to affectively focused models centering on increases in stress, negative emotions, and conflict ([@B22]; [@B55]). Yet other models have suggested that habituation, the flattening out of intimacy, diminished sexual frequency, and decreased positive emotions are culprits of honeymoon effects ([@B16]; [@B69]; [@B20]; [@B45]).

However, there is some evidence suggesting that marriages may be resilient to the corrosive effects of time. For example, one study showed that in a sample of 1,998 adults examined longitudinally, approximately 40% reported high levels of marital happiness over 20 years ([@B71]). Additionally, the happily married group was the most resilient, showing the smallest decreases in life happiness over time. Correspondingly, population studies have shown that approximately 30--40% of individuals in the US married 10 years or more reported high levels of romantic love for their spouse ([@B6]; [@B106]). Yet another study demonstrated that couples who idealized each other in the early stages of their relationships were less likely to report steep decreases in love for their partners, measured up to 13 years later ([@B97]).

To further understand the phenomenon of romantic love maintenance, our overall hypothesis was that romantic love is a developed form of a mammalian drive to find, *and preserve*, preferred mates. Evolution may have selected for diverse strategies in human pair-bonding (some short-term, others long-term) to optimize the chances of offspring survival ([@B29]; [@B34]; [@B86]). Our view is consistent with the proposal that love is a complex suite of adaptations that have evolved through sexual reproduction and have, incidentally, turned out to be beneficial beyond mating and bi-parental care of offspring ([@B25]). For example, attachment, social bonding, and more generally prosocial behaviors, are thought to have contributed to the advancement of our ancestors through care and cooperation ([@B17]).

Thus, we focused on physiological data and studies of non-human mammals as a basis to identify some of the neural and genetic mechanisms involved in sustained romantic love. For example, in monogamous voles the neuropeptides oxytocin (OT) and vasopressin (AVP), and the neurotransmitter dopamine facilitate pair-bonding (e.g., [@B140]). OT and AVP gene polymorphisms, and their receptor-rich brain regions (which are implicated in monogamous pair-bonding), are involved in sexual satisfaction and altruism toward a marriage partner ([@B3], [@B4]). Moreover, neuroimaging studies by our team, and others, suggest that the mesolimbic reward system is critical for early-stage and long-term romantic love, as well as marital satisfaction ([@B13]; [@B10]; [@B107]; [@B7], [@B1]; [@B138]). Here, we investigated whether these same dopamine-rich reward regions are also involved in the maintenance of romantic love in new marriages.

Several studies have identified genetic polymorphisms associated with pair-bonding. One key polymorphism, *AVPR1a* rs3, has been linked with pair-bonding in voles and humans ([@B68]; [@B85]; [@B84]; [@B131]; [@B70]; [@B3]). In a study of 552 twin pairs and their romantic partners, *AVPR1a* rs3 in men (but not women) was associated with higher levels of partner bonding, fewer relationship problems, greater commitment, and higher levels of relationship quality reported by their romantic partners ([@B131]). Another study showed that *AVPR1a* rs3 was associated with greater sexual satisfaction and frequency of sexual activity, with corresponding reward system activation in pair-bonded individuals ([@B3]). More broadly, *AVPR1a* rs3 plays a role in complex social behaviors such as altruism, cognitive empathy, and emotional responsivity to faces ([@B74]; [@B96]; [@B111]; [@B23]). Thus, we examined the role of *AVPR1a* rs3 in romantic love maintenance.

*OXTR* rs53576, also identified for its role in pair-bonding behaviors ([@B111]; [@B81]; [@B4]), is a single-nucleotide polymorphism (SNP) of the *OXTR* gene that results in individuals having zero, one, or two G-alleles (versus A-alleles). A greater number of G-alleles is associated with more sociality, empathy ([@B115]; [@B24]; [@B81]; [@B127]; [@B53]), and greater altruism toward a partner ([@B4]). Additionally, the hormone OT is involved in pair-bonding behaviors such as partner hugs, parenting, orgasm, and partner attractiveness ratings ([@B56]; [@B83]; [@B21]; [@B122]; [@B117]). Thus, this was another gene polymorphism that we investigated for its role in romantic love maintenance among newlywed pair-bonds.

The dopamine receptor *DRD4*-7R gene variant is associated with novelty-seeking ([@B60], meta-analysis; [@B100], meta-analysis), sexual behaviors such as a desire to have children earlier in life ([@B36]), desire for a wider variety of sexual behaviors ([@B57]), higher rates of promiscuous behavior, and infidelity ([@B47]). The *DRD4-*7R genetic polymorphism results in reduced binding for dopamine ([@B11]), and thus some have speculated that individuals with this genetic variant generally feel less stimulated and crave novelty ([@B60]). Although our examination of *DRD4-*7R was exploratory, prior research studies suggest that this genetic variant is implicated in short-term pair-bonding strategies ([@B98]) which are useful for reproduction, but a potential obstacle for relationship maintenance. Dopamine is also involved in pair-bonding in voles ([@B140]) and dopamine-rich brain sites have been shown in association with both early-stage and long-term love (see [@B5], review). Thus, we examined DRD4 as an indicator of the dopamine system's involvement in romantic love, which has been inferred in research on romantic love, but only tested in a few studies (i.e., [@B123]).

Another gene that affects dopamine transmission in the brain is *COMT*. *COMT* codes for catechol-*O*-methyltranferase (COMT), an enzyme which degrades catecholamines, including dopamine, as they are released in the synapse ([@B92]). *COMT* rs4680, one allelic variant of *COMT*, results in increased COMT activity and thus lower dopamine levels. Individuals with the *COMT* rs4680 A- (versus G) allele variant have decreased COMT activity resulting in higher dopamine levels ([@B27]). Thus, they show greater reward-seeking behavior and reward responsiveness, and higher subjective ratings of pleasure in response to positive events, compared to those with more G-alleles ([@B134]; [@B77]). One study with 120 participants found that individuals with more COMT A-alleles scored higher on the "Temporal Experience of Pleasure Scale" ([@B48]), which measures trait anticipatory and consummatory positive affect ([@B72]). These effects were mediated by activation of the prefrontal cortex in the post-reward phase, suggesting links between *COMT* A-alleles and self-reported consummatory positive affect. Furthermore, in a meta-analysis of 51 studies, a greater number of *COMT* rs4680 A-alleles were associated with obsessive compulsive disorder in males ([@B124]). Obsessive compulsive disorder is correlated with dopaminergic activation ([@B54]; [@B35]), and obsessive thinking is characteristic of romantic infatuation which includes intrusive, uncontrollable thoughts about the partner ([@B125]). Thus, we examined *COMT* rs4680 as a marker for sensitivity to dopaminergic action and potentially romantic love.

Building on human and animal studies examining the biological underpinnings of pair-bonding, this study investigated the neural and genetic correlates underlying romantic love maintenance over the first year of newlywed marriages. We measured self-report (Eros scale) and neural (functional MRI) correlates of romantic love among first-time newlyweds, observed around the wedding date (T1) and 1-year after (T2), implementing a scanning protocol used in prior studies examining romantic love ([@B10]; [@B7]). The fMRI task measured participants' neural activity in response to viewing facial images of their partner versus a familiar, neutral acquaintance. We defined romantic love maintenance as stability in Eros scores (i.e., small change) between T1 and T2. Each individuals Eros difference score (T2-T1) was correlated with brain activations at T1 to determine what brain systems might be predictive of romantic love maintenance, and at T2 to determine what brain systems might be involved in the maintenance of romantic love. We focused our results on the brain activations that were shown at both T1 and T2, but also made available T1 and T2 results in Supplementary Tables.

Also, for the first time in human romantic love studies, we analyzed interactions of romantic love maintenance with genetic polymorphisms (*AVPR1a* rs3, *OXTR* rs53576, *DRD4-*7R, and *COMT* rs4680) implicated in monogamous pair-bonding. We predicted that neural, hormonal, and genetic correlates of pair-bonding found in other mammals, and the brainstem reward/drive system identified in human love studies, would be involved in the maintenance of romantic love over first-year marriages. Beyond advancing the science of pair-bonding, such findings might also benefit couples and therapists through a deeper understanding of the processes that sustain romantic love.

Materials and Methods {#S2}
=====================

Participants {#S2.SS1}
------------

Participants provided informed consent in accordance with the IRB procedures of the University of California, Santa Barbara (UCSB) and Albert Einstein College of Medicine. Subjects were recruited via advertisements, flyers, listservs, and word of mouth. Before undergoing scanning, all participants were interviewed to assess eligibility criteria such as first-time marriage for both partners, no children for either partner, relatively good health, and fMRI contraindications (right-handedness, good health, no metal in or on the body, no claustrophobia, no pregnancy, and no history of head trauma). The eligibility criteria were selected to reduce variability of the sample since this was the first study to examine the physiology underlying changes in romantic love in newlywed marriages. We selected individuals in first-time marriages with no children to mirror animal studies where monogamous mammals solidify pair-bonds prior to producing offspring. All procedures were described at the time of the interview.

The resulting sample was composed of 19 (11 women and 8 men) healthy, right-handed individuals, ages 21 to 32 (27.21 ± 3.29 years), in established relationships (4.11 ± 3.09 years), without children, and living with their partner about 2 years (1.9 ± 1.6 years). At baseline (T1), some participants were recently married (10 married, 1.9 ± 1.5 months), while others were soon to be married (2.6 ± 1.7 months until the wedding). The sample of participants were mostly college-educated: 11 participants had college degrees and 6 had a master's degree or higher, while only 2 had a high-school level education. The mean annual household income of the sample was \$62,000 (±\$28,000, range \$16,000 to \$110,000).

Thirteen (seven females and six males) of the 19 participants returned for a second scan (T2), approximately 11.3 months (SD ± 1.3, range 9.0--13.5) after the initial scan (T1). Herein, we report findings that were shown at both measurements (T1 and T2) among the group of 13 participants that were scanned twice.

Procedure {#S2.SS2}
---------

Once eligibility was confirmed, participants provided the experimental stimuli: face images of their partner and a highly familiar neutral acquaintance (HFN). The HFN served as a control for facial familiarity and was matched to the partner by age, sex, and length of time known. The partner-HFN face viewing task has been used in prior fMRI studies of romantic love (e.g., [@B10]; [@B138]) and was originally developed in a study showing that images of partner faces, compared to other types of stimuli (i.e., songs and scents), elicited the most intense love feelings among individuals in love ([@B93]). All photos were digitized according to standard procedures where only the face was presented, and they were shown with Presentation software (Psychological Software Tools, Inc., Pittsburgh, PA, United States) during the scan.

For the fMRI task, participants viewed alternating face images of the partner and the HFN (shown individually) interspersed with a countback task (displayed individually, for 20 s each). For the countback task (used to reduce carry-over effects of viewing the facial images), subjects were asked to mentally count backwards in increments of seven, starting with a random four-digit number displayed on the screen. The entire session lasted for 12 min, and stimuli (images and the countback task) were displayed for 20 s each. At the start of the session, participants were instructed to recall non-sexual events with the person whose face image would be displayed on the screen. After the scan, participants provided affective ratings while still in the scanner to verify that the evoked emotion corresponded to the target image (see [@B2] for results of the affective ratings). Identical procedures, questionnaires, and photos were used at T1 and T2.

### Questionnaires {#S2.SS2.SSS1}

Participants completed a battery of questionnaires, including the Eros measure of romantic love from the Love Attitudes Scale (LAS; [@B62]), the widely used Relationship Assessment Scale (RAS, [@B63]) for relationship satisfaction, and two items assessing sexual satisfaction and frequency. All measures used a 1--7 item Likert rating scale. Descriptive statistics and correlations are shown in [Tables 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}.

###### 

Relationship self-report mean (*M*) and standard deviations (*SD*).

                              **T1**   **T2**                        
  --------------------------- -------- -------- ------ ------ ------ --------
  Romantic love               6.33     0.32     6.17   0.87   0.55   0.59
  Relationship satisfaction   6.33     0.59     6.35   0.57   0.13   0.90
  Sexual satisfaction         5.85     0.90     5.23   1.54   1.28   0.19
  Sexual frequency/week       2.95     1.87     1.83   1.25   4.39   \<0.01

###### 

Correlations among self-report relationship measures and gene polymorphisms in newlyweds.

  **Variables**                        **1**       **2**      **3**    **4**      **5**      **6**    **7**    **8**    **9**    **10**   **11**    **12**
  ------------------------------------ ----------- ---------- -------- ---------- ---------- -------- -------- -------- -------- -------- --------- --------
  \(1\) Romantic love T1               --                                                                                                           
  \(2\) Relationship satisfaction T1   0.38        --                                                                                               
  \(3\) Sexual satisfaction T1         0.19        --0.27     --                                                                                    
  \(4\) Sexual frequency T1            0.55\*      0.30       0.24     --                                                                           
  \(5\) Romantic love T2               0.21        0.65\*     0.09     0.16       --                                                                
  \(6\) Relationship satisfaction T2   0.05        0.83\*\*   --0.27   0.12       0.73\*\*   --                                                     
  \(7\) Sexual satisfaction T2         --0.12      0.30       0.21     0.11       0.74\*     0.45     --                                            
  \(8\) Sexual frequency T2            0.50\*      0.33       0.41     0.90\*\*   0.21       0.16     0.28     --                                   
  \(9\) *AVPR1a* rs3                   0.26        0.58\*     --0.11   --0.12     0.46\*     0.38     0.12     0.04     --                          
  \(10\) *OXTR* rs53576                0.29        0.08       0.25     0.12       0.31       0.23     --0.01   0.14     0.07     --                 
  \(11\) *DRD4*-7R                     −0.81\*\*   --0.37     --0.06   --0.41     --0.27     0.04     0.00     --0.35   --0.33   --0.08   --        
  \(12\) *COMT* rs4680                 −0.50^†^    --0.35     0.33     0.02       0.10       --0.05   0.43     0.14     --0.34   0.38     0.45^†^   --

\*

p

\< 0.05, \*\*

p

\< 0.01,

†

marginally significant

p

\< 0.10.

The LAS measures six different types of love attitudes toward one's romantic partner: romantic love (Eros), obsessive love (Mania), game-playing love (Ludus), friendship-love (Storge), practical love (Pragma), and altruistic love (Agape). The LAS has been shown to reliably measure these six different love factors (Cronbach's α = 0.39 to 0.87; [@B121]). Here, we report results for the Eros scale since our focus was on romantic love without infatuation/obsession (see [@B6]). Sample Eros scale items include, "My partner and I have the right physical chemistry between us," "My partner and I really understand each other," and "I feel that my partner and I were meant for each other" (Cronbach's α = 0.40, 0.72 at T1 and T2, respectively).

The RAS is a seven-item unifactorial measure of relationship satisfaction with items such as, "How well does your partner meet your needs?" and "To what extent has your relationship met your original expectations?" (Cronbach's α = 0.68, 0.89 at T1 and T2, respectively).

Sexual satisfaction was assessed with one item: "How happy are you with your sex life with your partner?" Sexual frequency used one item: "How frequently do you and your partner engage in sexual activity?"

### Gene Sampling and Analysis {#S2.SS2.SSS2}

Subjects provided saliva samples for DNA extraction via Oragene test tubes. Detection of the number of repeats for *AVPR1a* rs3 and the *DRD4*-7R 48 base-pair repeat sequence was performed using fragment analysis, in which repeat sequences are specified using sequence-specific primers and amplified for detection using polymerase chain reaction (PCR). For the present study, PCR was performed on 50 ng of DNA in buffer \[100 mM Tris-HCl (pH 8.0), 500 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTP, 0.2 μM of each primer, and 1 unit of TaqPolymerase (Applied Biosystems)\]. Cycling conditions were the following: initial denaturation at 95°C for 2 min followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, with a 15 min final extension at 72°C. Microsatellite fragment analyses of RS3 and the *DRD4*-7R polymorphism (i.e., identifying the number of repeats for each sequence) were performed using the ABI 3730 DNA analyzer and Genemapper 3.5 software (Applied Biosystems). For *AVPR1a* rs3, the number of repeat sequences was split at the median (*M* = 335.86 ± 2.87, range = 330.93 -- 341.30) to designate each allele as "long" versus "short." The number of long alleles (0, 1, or 2) was used as a continuous variable in our analyses.

Genotyping of the *OXTR* rs53576 and *COMT* rs4680 SNPs was conducted using the MassARRAY Compact system on a panel of custom SNP assays designed using RealSNP and MassARRAY Assay Designer (Sequenom Inc.). The protocol involved PCR amplification of 10 ng DNA using SNP-specific primers followed by a base extension reaction using iPLEX gold chemistry (Sequenom Inc.). The final base extension products were treated and spotted on a 384-pad SpectroCHIP using a ChipSpotter LT nanodispenser (Samsung). A MassARRAY Analyzer Compact MALDI-TOF-MS was used for the data acquisition process from the SpectroCHIP. The resulting polymorphisms were called using MassARRAY Typer Analyzer v4.0 (Sequenom, Inc.), and the number of G- or A-alleles was used as a continuous variable in our analyses.

Imaging Data Acquisition and Analysis {#S2.SS3}
-------------------------------------

A 3.0 T Siemens Trio with a 12-channel phased-array head coil was used for the acquisition of blood oxygenation level dependent (BOLD) responses. A single-shot echo planar imaging sequence sensitive to BOLD contrast was used to acquire 37 slices per repetition time (TR = 2000 ms, 3 mm thickness, 0.5 mm gap), with an echo time (TE) of 30 ms, flip angle of 90 degrees, field of view (FOV) of 192 mm, and 64 × 64 acquisition matrix. Prior to the acquisition of BOLD responses, a high-resolution T1-weighted sagittal sequence image of the whole brain was obtained (TR = 15.0 ms; TE = 4.2 ms; flip angle = 9 degrees, 3D acquisition, FOV = 256 mm; slice thickness = 0.89 mm, acquisition matrix = 256 × 256).

### Imaging Data Processing {#S2.SS3.SSS1}

Functional images were subjected to standard preprocessing procedures using SPM5 (Wellcome Department of Cognitive Neurology). First, functional EPI volumes were realigned to the first volume, smoothed with a Gaussian kernel of 6 mm, and then normalized to the T1.nii image template. No participant showed movement greater than 3 mm (whole voxel). After pre-processing, the partner-versus-HFN contrasts were created separately for the T1 and T2 group results.

### Multiple Regression Data Analysis {#S2.SS3.SSS2}

Multiple regression analyses were carried out to estimate group brain activity associated with (a) romantic love difference scores (T2 minus T1) and (b) interactions between romantic love difference scores (T2-T1) with *AVPR1a* rs3, *OXTR* rs53576, *COMT* rs4680 and *DRD4*-7R, examining each gene separately. The effects of *AVPR1a*, *OXTR*, *COMT*, and *DRD4* were tested in separate models. Thus, results are presented for each separate regression. There were no significant differences in sex, age, or relationship length therefore, analyses were conducted without controlling for these variables.

### Regions of Interest (ROIs) and Whole-Brain Analyses {#S2.SS3.SSS3}

Regions of interests for the activations were based on previous studies of romantic love (noted in the table legends). We adopted a false discovery rate (FDR) for multiple comparisons correction ([@B49]) at *p* \< 0.05. ROIs occupied a 3--10-mm radius with a 3-voxel minimum, depending on the size of the brain area. For exploratory purposes, we conducted whole-brain analyses at *p* \< 0.001 (uncorrected for multiple comparisons), minimum spatial extent of [\>]{.ul}5 contiguous voxels. All regions were confirmed using the human brain atlas by [@B90]. [Tables 3--5](#T3){ref-type="table"} report significant effects replicated at T1 and T2 to minimize the risk of false positive findings due to our small sample size. Other results are reported in the Supplementary Tables.

###### 

Regional brain activations correlated with romantic love maintenance among newlyweds.

                                                **Left**   **Right**                                              
  --------------------------------------------- ---------- ----------- ---- ------ ------ ---- ----- ----- ------ ---------
  Brain responses replicated at Times 1 and 2                                                                     
  *ROI Activations*                                                                                               
  SN, lateral^1^                                                                          15   −15   −12   3.97   0.001
  Paracentral lobule^2^                         −6         −24         57   3.45   0.01                           
  *Whole-brain Deactivations*                                                                                     
  Inferior frontal gyrus                                                                  54   21    3     4.13   \<0.001

All results are for regions showing greater activation in associated with change in Eros scores (T2-T1) over the first year of marriage in newlyweds. Superscripts denote references for ROIs:

1

Acevedo et al. (2011)

;

2

Wise et al. (2016)

.

###### 

Regional brain activations showing interactions with *AVPR1a* rs3 (long alleles) and romantic love maintenance among newlyweds.

                                                **Left**   **Right**                                    
  --------------------------------------------- ---------- ----------- -- -- -- ---- ----- ----- ------ ---------
  Brain responses replicated at Times 1 and 2                                                           
  *ROI Activations*                                                                                     
  VTA, posterior^1^                                                             6    −21   −21   2.58   0.02
  Periaqueductal gray^1^                                                        3    −33   −21   2.87   0.02
  Posterior hippocampus^1^                                                      39   −27   −9    3.87   0.01
  Occipital cortex, area 17/18^1^                                               15   −90   3     2.49   0.02
  *Whole-brain Activations*                                                                             
  Superior temporal gyrus/Angular gyrus                                         45   −78   24    4.41   \<0.001

All results are for regions showing activation in association with

AVPR1a

rs3 long versus short alleles and change in Eros scores (T2-T1) over the first year of marriage in newlyweds. Superscripts denote references for ROIs:

1

Acevedo et al. (2011)

.

###### 

Regional brain activations showing interactions with *OXTR* rs53576 (G alleles) and romantic love maintenance among newlyweds.

                                                **Left**   **Right**                                           
  --------------------------------------------- ---------- ----------- ----- ------ ------ --- --- ---- ------ ------
  Brain responses replicated at Times 1 and 2                                                                  
  *ROI Activations*                                                                                            
  VTA/SN^1^                                     −3         −15         −21   4.43   0.01                       
  Septum/fornix region^1,2^                     0          0           23    3.83   0.01   3   0   24   3.64   0.02

All results are for regions showing activation in association with

OXTR

rs53576 (G versus A alleles) and change in Eros scores (T2-T1) over the first year of marriage in newlyweds. Superscripts denote references for ROIs:

1

Acevedo et al. (2011)

;

2

Aron et al. (2005)

.

Results {#S3}
=======

Descriptive Statistics {#S3.SS1}
----------------------

Descriptive statistics are reported in [Table 1](#T1){ref-type="table"}. The mean change in Eros scores from T1 to T2 (*M* = −0.13 ± 0.89, range = −3.00 to +0.50) was not statistically significant. Specifically, 75% of the sample showed increases of less than a point, 25% showed no change, and 25% showed decreases of less than a point in Eros scores. Thus, the majority of the sample reported romantic love maintenance. Only one participant showed a steep decrease (−3.00 points) in romantic love over the first year of marriage. Thus, we examined the data without the outlier. However, the brain imaging correlations did not change significantly, including the *OXTR, AVPR1a*, *DRD4*, and *COMT* interactions with romantic love maintenance (Eros T2-T1). Additionally, activation of the VTA in response to images of the partner remained positive, but in some cases became non-significant, when the outlier was excluded. Thus, we proceeded with analyses including the outlier because variable values make these results more generalizable to the population. That is, it is expected that some couples will experience steep decreases in romantic love in the early stages of marriage as shown by research reporting "honeymoon effects" (e.g., [@B64]).

Correlations Among Variables {#S3.SS2}
----------------------------

Correlations among self-report measures are reported in [Table 2](#T2){ref-type="table"}. At each time point, romantic love was significantly correlated with frequency of sexual activity (T1: *r* = 0.55, *p* \< 0.05; T2: *r* = 0.50, *p* \< 0.05). Romantic love was also strongly correlated with relationship satisfaction: at T1 relationship satisfaction predicted romantic love at T2 (*r* = 0.65, *p* \< 0.05), and at T2 relationship satisfaction was correlated with romantic love at T2 (*r* = 0.73, *p* \< 0.01). Gene correlations showed that *AVPR* rs3 (long alleles) was significantly correlated with relationship satisfaction at T1 (*r* = 0.58, *p* \< 0.05) and with romantic love at T2 (*r* = 0.46, *p* \< 0.05). Also, both dopamine polymorphisms, *DRD4*-7R (*r* = −0.81, *p* \< 0.01) and *COMT* rs4680 (*r* = −0.50, *p* \< 0.10), were negatively correlated with romantic love scores at T1.

### Gene Polymorphism Distributions {#S3.SS2.SSS1}

Gene polymorphism distributions for the sample were as follows: *AVPR1a* rs3 (short = 4, short/long = 6; long = 3), *OXTR* rs53576 (AA = 1, AG = 6, GG = 6), *COMT* rs4680 (AA = 2, AG = 6, GG = 5), and *DRD4*-7R (2 = 2 repeats, 2 = 3 repeats, 7 = 4 repeats, 2 = 7 repeats).

Neuroimaging Results {#S3.SS3}
--------------------

### Neural Correlates of Romantic Love Maintenance {#S3.SS3.SSS1}

As [Table 3](#T3){ref-type="table"} shows, at both T1 and T2 neural responses to the partner (versus HFN) images showed significant correlations with romantic love maintenance (Eros T2-T1 scores) in the right SN and the left paracentral lobule (PCL) (see [Figure 1A](#F1){ref-type="fig"}). Scatterplots show correlations between Eros scores and activity in the right SN and PCL at T2 ([Figures 1B,C](#F1){ref-type="fig"}). Significant deactivation at both T1 and T2 was observed in the inferior frontal gyrus (IFG).

![**(A)** Regional brain activations showing positive correlations with change in romantic love scores (T2-T1: love maintenance) over the first year of marriage among newlyweds in response to viewing face images of the partner versus a highly familiar, neutral acquaintance. Yellow: T1 *and* T2 brain responses in the right SN (arrow). Red: T2 brain responses in the R anterior VTA (arrow) and R STG (arrow). Green: T1 brain responses in the L STG (arrow), and L PCL (arrow). **(B)** Scatterplot shows the correlation between change in romantic love (Eros) scores (T2-T1) and R SN activation at T2. **(C)** Scatterplot shows the correlation between change in romantic love scores (T2-T1) and L PCL activation at T2.](fpsyg-11-00634-g001){#F1}

Some activations occurred only at T1 or T2, but not both. At T1-only, partner (versus HFN) activations predictive of romantic love maintenance (T2-T1 Eros scores) were observed in the raphe, pons, medial prefrontal cortex, and paracentral lobule (ROIs), as well as the right perirhinal/fusiform, superior frontal gyrus (SFG), superior temporal gyrus (STG) and the left precuneus (whole-brain). At T2-only, partner (versus HFN) activations were significantly correlated with romantic love maintenance (T2-T1 scores) in the right amygdala/globus pallidus (GP) and the left mid-insula (ROIs); and the bilateral occipital cortex, supplementary motor area, precentral gyrus, left and right SFG, and parietal area (whole-brain). At T1-only, a number of deactivations were observed in the right anterior insula (AI), occipital cortex, middle frontal gyrus (MFG), and the left collateral sulcus. At T2-only, deactivations were prominent in the right SFG and the left angular gyrus (AG) (see [Supplementary Table 1](#SM1){ref-type="supplementary-material"}).

### Neural Interactions of Romantic Love × *AVPR1a* rs3 {#S3.SS3.SSS2}

As shown in [Table 4](#T4){ref-type="table"}, at both T1 and T2, the interaction of romantic love maintenance with *AVPR1a* rs3 (long versus short alleles) showed significant effects in the right posterior VTA ([Figures 2A--C](#F2){ref-type="fig"}), the PAG, posterior hippocampus, occipital cortex (ROIs), and the STG (whole-brain). Scatterplots show the correlations between *AVPR1a* rs*3* and the right VTA response at T1 and T2 ([Figures 2B,C](#F2){ref-type="fig"}).

![**(A)** Regional brain response interactions with *AVPR1a* rs3 (long versus short alleles) and change in romantic love scores (T2-T1: love maintenance) among newlyweds in response to viewing facial images of the partner versus a highly familiar, neutral acquaintance. Yellow: T1 *and* T2 brain responses in the R posterior VTA (arrow). Red: T2 brain responses bilaterally in the posterior VTA. **(B)** Scatterplot shows the correlations between *AVPR1a* rs3 (long versus short alleles) and the R VTA response at T1. **(C)** Scatterplot shows the correlations between *AVPR1a* rs3 (long versus short alleles) and the R VTA response at T2.](fpsyg-11-00634-g002){#F2}

As shown in [Supplementary Table 2](#SM1){ref-type="supplementary-material"}, T1-only partner (versus HFN) activations were predictive of romantic love maintenance as a function of *AVPR1a* rs3 (long versus short alleles) in the right caudate tail, pons, septum fornix, and amygdala/GP (ROIs). At T2-only, interactions with *AVPR1a* rs3 were shown in the left VTA, caudate head, bilateral raphe, hippocampus/caudate tail, posterior hippocampus, left anterior cingulate cortex (ACC), occipital cortex (ROIs), and the right lateral geniculate (whole-brain).

### Neural Interactions of Romantic Love x *OXTR* rs53576 {#S3.SS3.SSS3}

As shown in [Table 5](#T5){ref-type="table"}, at both T1 and T2, the interaction of romantic love maintenance with *OXTR* rs53576 (G versus A-alleles) showed significant effects in the left VTA/SN and bilateral septum/fornix ([Figure 3A](#F3){ref-type="fig"}).^[1](#footnote1){ref-type="fn"}^ Scatterplots show the correlations between *OXTR* rs53576 with left VTA responses at T1 and T2 ([Figures 3A--C](#F3){ref-type="fig"}).

![**(A)** Regional brain response interactions with *OXTR* rs53576 (G versus A-alleles) and change in romantic love scores (T2-T1: love maintenance) among newlyweds in response to viewing facial images of the partner versus a highly familiar, neutral acquaintance. Yellow: T1 *and* T2 responses in a small part of the left VTA (arrow). Green: T1 brain response bilaterally in the posterior VTA/SN. Red: T2 brain response bilaterally in the posterior VTA/SN. **(B)** Scatterplot shows the correlations between *OXTR* rs53576 (G versus A-alleles) and the L VTA response at T1. **(C)** Scatterplot shows the correlations between *OXTR* rs53576 (G versus A-alleles) and the L VTA response at T2.](fpsyg-11-00634-g003){#F3}

As shown in [Supplementary Table 3](#SM1){ref-type="supplementary-material"}, T1-only partner (versus HFN) activations predicted romantic love maintenance (T2-T1) as a function of *OXTR* rs53576 (G versus A-alleles) in the right PAG, basolateral amygdala, left central amygdala, hippocampus (ROIs), and the bilateral occipital/lingual gyrus (whole-brain). At T2-only, activations as a function of *OXTR* rs53576 (G versus A-alleles) were observed in the left posterior VP, caudate, right central amygdala (ROIs), and the right intraparietal sulcus, IFG, MFG, STG, and left dorsolateral PFC (whole-brain). Deactivations were evident at T1 in the bilateral SFG and left MFG. At T2-only, deactivations were observed in the left caudate, AG, somatosensory cortex, and bilaterally in the lateral geniculate and premotor cortex.

### Neural Interactions of Romantic Love x *DRD4*-7R {#S3.SS3.SSS4}

As [Table 6](#T6){ref-type="table"} shows, at both T1 and T2, romantic love maintenance was positively correlated with *DRD4* (greater number of 7R alleles) and activity in the left VTA/SN and posterior insular cortex ([Figures 4A--C](#F4){ref-type="fig"}). Scatterplots show the correlations between *DRD4-*7R with activation in the left SN/VTA at T1, and the insular cortex at T1 and T2 ([Figures 4A--C](#F4){ref-type="fig"}).

###### 

Regional brain activations showing interactions with *DRD4* 7R alleles and romantic love maintenance among newlyweds.

                                                **Left**   **Right**                                      
  --------------------------------------------- ---------- ----------- ----- ------ --------- -- -- -- -- --
  Brain responses replicated at Times 1 and 2                                                             
  *ROI Activations*                                                                                       
  VTA/SN^1^                                     −9         −12         −9    3.26   0.01                  
  Insular cortex^2,3^                           −45        −12         9     3.85   0.01                  
  *Whole-brain Deactivations*                                                                             
  Temporal gyrus, anterior                      −39        9           −24   6.29   \<0.001               

All results are for regions showing activation in association with

DRD4

7R alleles and change in Eros scores (T2-T1) over the first year of marriage in newlyweds. Superscripts denote references for ROIs:

1

Acevedo et al. (2011)

;

2

Aron et al. (2005)

;

3

Xu et al. (2011)

.

![**(A)** Regional brain response interactions with *DRD4* 7R alleles and change in romantic love scores (T2-T1: love maintenance) among newlyweds in response to viewing facial images of the partner versus a highly familiar, neutral acquaintance. Red: T2 brain responses in the anterior VTA (bottom right arrow) and insular cortex (leftmost arrow). Green: T1 brain response in the anterior VTA/SN (left bottom arrow), insular cortex (leftmost arrow), and R PCL (top arrow). **(B)** Scatterplot shows the correlations between *DRD4* 7R alleles and the L VTA response at T1. **(C)** Scatterplot shows the correlations between *DRD4*-7R alleles and the L insular cortex response at T1 and T2.](fpsyg-11-00634-g004){#F4}

At T1-only, partner (versus HFN) activations were predictive of romantic love maintenance as a function of *DRD4*-7R in the bilateral medial PFC, right PCL (ROIs), and the right dorsolateral PFC (DLPFC), entorhinal cortex, left SI, supramarginal gyrus, and lateral PFC (whole-brain). At T2-only, activations as a function of *DRD4*-7R were observed in the left somatosensory cortex and the DLPFC (whole-brain). Deactivation in the left temporal gyrus was evident at both T1 and T2, and at T2 deactivations were observed in the bilateral hippocampus and the right temporal gyrus (see [Supplementary Table 4](#SM1){ref-type="supplementary-material"}).

### Neural Interactions of Romantic Love × *COMT* rs4680 {#S3.SS3.SSS5}

As shown in [Table 7](#T7){ref-type="table"}, romantic love maintenance, at both T1 and T2, was positively correlated with *COMT* rs4680 (greater number of A-alleles) and response to partner (versus HFN) images in the left SN/VTA and posterior insular cortex ([Figures 5A--C](#F5){ref-type="fig"}). Scatterplots show the correlations between *COMT* rs4680 with the left SN/VTA response at T1, and with insular cortex response at T1 and T2 ([Figures 5A--C](#F5){ref-type="fig"}).

###### 

Regional brain activations showing interactions with *COMT* rs4680 (A-alleles) and romantic love maintenance among newlyweds.

                                                **Left**   **Right**                                   
  --------------------------------------------- ---------- ----------- ----- ------ ------ -- -- -- -- --
  Brain responses replicated at Times 1 and 2                                                          
  *ROI Activations*                                                                                    
  SN/VTA^1^                                     −6         −12         −12   5.10   0.01               
  Insular cortex^2,3^                           −42        −18         6     4.56   0.01               

All results are for regions showing activation in associated with

COMT

rs4680 (A versus G-alleles) and change in Eros scores (T2-T1) over the first year of marriage in newlyweds. Superscripts denote references for ROIs:

1

Acevedo et al. (2011)

;

2

Aron et al. (2005)

;

3

Xu et al. (2011)

.

![**(A)** Regional brain response interactions with *COMT* rs4680 (A versus G alleles) and change in romantic love scores (T2-T1: love maintenance) among newlyweds in response to viewing face images of the partner versus a highly familiar, neutral acquaintance. Inset shows a sagittal view of the insular cortex. Green: T1 brain response in the VTA/SN (bottom arrows) and insular cortex (inset). Red: T2 responses in the insular cortex (left arrow and inset). **(B)** Scatterplot shows the correlations between *COMT* rs4680 (A versus G alleles) and L VTA/SN response at T1. **(C)** Scatterplot shows the correlations between *COMT* rs4680 (A versus G alleles) and L insular cortex response at T1 and T2. R, right. L, Left. I, insular cortex; SN, substantia nigra; VTA, ventral tegmental area. Other colored regions did not meet the statistical requirements for whole-brain analysis or were not an ROI. Yellow, significant correlations at T1 and T2. Green, significant correlations at T1. Red, significant correlations at T2.](fpsyg-11-00634-g005){#F5}

[Supplementary Table 5](#SM1){ref-type="supplementary-material"} shows T1-only partner (versus HFN) activations predictive of romantic love maintenance (T2-T1) as a function of *COMT* rs4680 in the bilateral medial PFC, the right primary sensory cortex, and the left secondary somatosensory cortex (whole-brain). At T2-only, activations as a function of *COMT* rs4680 were shown in the left PCL (ROI); and in the right VLPFC, DLPFC, and posterior cingulate cortex (whole-brain). Additionally, deactivations were observed in the hippocampus at T1, while at T2 deactivations were evident in the SN, caudate tail, and dorsal midbrain.

Discussion {#S4}
==========

We investigated the neural and genetic (*AVPR1a* rs3, *OXTR* rs53576, *DRD4*-7R and *COMT* rs4680) correlates of romantic love maintenance among first-time newlyweds. Marriage is a pivotal life event that marks the establishment of the family unit, with implications for reproduction, bi-parental care of offspring, long-term companionship, and well-being ([@B41]). Using fMRI, we scanned newlyweds around the time of the wedding (T1), and a subset returned for a second scan about 1 year later (T2). Consistent with research on the neural correlates of long-term romantic love ([@B7]), at both time points, newlyweds showed activation in the dopamine-rich substantia nigra (SN) in association with romantic love maintenance. They also showed dopamine-rich, VTA-related genetic expression in association with *AVPR1a* rs3 (right side), *OXTR* rs53576 (left side), *DRD4*-7R (left side), and *COMT* rs4680 (left side) with romantic love maintenance at both time points. The VTA effects were stronger for *AVPR1a* rs3 long-alleles and *OXTR* rs53576 G-alleles. These genes are associated with complex social behaviors including pair-bonding ([@B131]; [@B81]; [@B53]). Interestingly, the VTA-related *AVPR1a* and *OXTR* effects were observed in a different area, more posterior to those shown for the simple correlation with romantic love maintenance and the dopamine (DRD4 and COMT) genetic interaction effects. This suggests functional segregation of the VTA/SN with different density receptors for OT and AVP compared to dopamine.

The VTA/SN reward regions are involved in coordinating primary behaviors needed for survival and reproduction, such as mating and feeding. They are also involved in secondary reward-processing including responses to monetary gains and addictive substances ([@B114]; [@B38]; [@B31]). Largely mediated by dopamine neurons, VTA/SN activity affects reward-seeking, motivation, "wanting," and the drive to "work" for rewards ([@B18]). An extensive body of research has shown that dopamine neurons modulate approach-related behaviors, response to novel stimuli, and euphoric experiences ([@B18]; [@B28]; [@B50]; [@B120]; [@B76]; [@B67]; [@B104]). Consistent with previous work (for reviews, see [@B108]; [@B5]), and expanding on it, these findings highlight how the brain's reward system mediates behaviors that are critical for romantic love and its maintenance over time, such as proximity-seeking, positive affect, continued desire, and engaging in relationship-promoting behaviors (such as doing things that make a partner happy).

The present findings also provide the first direct evidence that dopamine-related gene expression in the VTA/SN is involved in the maintenance of romantic love in humans. Previous fMRI studies of romantic love assumed that the VTA response reflected dopamine activation ([@B10]). Although one study showed dopamine release in the prefrontal cortex while viewing the face of a new romantic partner ([@B123]), here we used genetic markers to confirm direct involvement of dopamine in the midbrain/VTA. Interestingly, our results are consistent with a recent study which showed that dopamine-related gene expression in the VTA of male zebra finches was associated with pair-bonding behaviors (nesting and courtship) of their female pair ([@B9]). Also, individual differences in social interactions in long-term zebra finch pairs were associated with the expression of several dopamine-related genes in the VTA. Collectively, these findings highlight the important function of the midbrain VTA region and dopamine for pair-bonding and romantic love.

Additionally, our findings are consistent with the dopamine hypothesis of romantic love ([@B40]) and theories suggesting that romantic love is a motivational drive akin to a "natural" addiction ([@B43]; [@B39]), but also different from drug addiction ([@B133]). Thus, in addition to advancing knowledge on the biological factors underlying romantic love maintenance, these findings may also be applied to other fields such as the study of the maintenance of "natural" reward/addictions/cravings.

Sex and Romantic Love Maintenance {#S4.SS1}
---------------------------------

Other notable findings shown in the present group of newlyweds in association with romantic love maintenance emerged in regions important for sex and sensory processes (the PCL and sensory cortex). Interestingly, the PCL is the genital sensorimotor region activated in women during orgasm and clitoral stimulation ([@B136], [@B137]). Activation of the PCL in the present study is interesting because the primary sensory cortex (SI) usually requires direct tactile stimulation to activate it. There was no stimulation of the genitals in this study, and participants were instructed *not* to think about sexual memories. The traditional textbook understanding of SI function does not include memory, emotion, or person representation, only sensory processing features like pressure. However, studies in recent years suggest that SI may contain memory capacity and a genetically controlled mechanism for cortical memory ([@B12]; [@B75]; [@B99]; [@B46]; [@B73]). Finally, there is substantial evidence that a memory code for *persons and traits* is active in the ventral medial prefrontal cortex, while other cortical areas are also involved in the mental representation of a person ([@B61]; [@B126]). We speculate that looking at the face of the marriage partner and thinking romantic thoughts might activate the mental representation of that person, as faces have in other studies (e.g., [@B126]). Additionally, it's likely that that engaging in sexual acts with the same partner over time would activate genital sensory cortex memory storage mechanisms that importantly become part of the mental representation of the partner.

Although many therapists have suggested an important role for sexual activity in maintaining a marital relationship, this is the first time a cortical brain region associated with direct sexual stimulation has been correlated with self-reports of romantic love in marriages while simply thinking (and viewing face images) of a spouse. Further support for the importance of sex emerged from the robust correlations between romantic love scores and sexual frequency and satisfaction ratings at both time points (see [Table 2](#T2){ref-type="table"}).

*AVPR1a* and Romantic Love Maintenance {#S4.SS2}
--------------------------------------

Interestingly, the present sample of newlyweds showed significant interactions with *AVPR1a* rs3 and romantic love maintenance, at both time points, in the right VTA ([Figures 2A--C](#F2){ref-type="fig"}), the PAG, posterior hippocampus, occipital cortex and the superior temporal gyrus (STG)--- regions important for reward, attachment, memory, and visual and sensory processing ([@B101]; for a meta-analysis, see [@B110]; [@B119]; [@B130]). Most of these regions have appeared in the context of long-term romantic love and maternal love (e.g., [@B7]; for review see [@B14]; [@B5]), highlighting the role of attachment in sustained romantic love among newlywed pair-bonders. They are also consistent with research implicating *AVPR1a* in pair-bonding ([@B131]) and suggest the diversity of the pair-bonding system through its engagement of reward, memory, sensory, visual, and auditory functions.

*OXTR* and Romantic Love Maintenance {#S4.SS3}
------------------------------------

The pattern of replicated interactions for *OXTR* rs53576 with romantic love maintenance were different from *AVPR1a* effects, appearing in the septum (bilaterally) and the left (L) VTA. Activation of L VTA has mostly appeared in studies of facial attractiveness, specifically showing response to smiling and supportive faces ([@B129]). Also, L VTA activation was shown in a study of males given intranasal OT in response to viewing facial images of their female partner ([@B117]). Interestingly, when given OT males rated their partners as more attractive, but OT did *not* affect attractiveness ratings for a familiar matched control. These findings suggest that OT-related effects are partner-specific, thus facilitating attachment and pair-bond solidification. It should be noted that although we did not test for sex differences, sex may influence how OT affects mate choice and pair-bonding ([@B139]). Also, individual differences, such as personality and attachment style, may influence how OT interacts with pair-bonding choices ([@B109]).

Activation of the septum---which is rich in binding sites for OT and, to a lesser extent, AVP---is consistent with animal studies showing that the septum is critical for pair-bond establishment ([@B87]). In humans, activation of the septum has been implicated in early-stage and long-term romantic love ([@B10]; [@B7]), and it was specifically associated with obsession-related items of the Passionate Love Scale ([@B58]) among long-term pair-bonders. We add to this body of work, showing OT's effects in romantic love maintenance.

Dopamine Gene Polymorphisms *(DRD4* and *COMT)* and Romantic Love Maintenance {#S4.SS4}
-----------------------------------------------------------------------------

Robust neural activations were positively correlated with romantic love maintenance and dopamine polymorphisms (*DRD4*-7R and *COMT* rs4680) in the L VTA/SN region and the posterior insular cortex at both time points. As noted above for the *OXTR* findings, the L VTA is specifically activated in response to facial attractiveness (e.g., [@B10]; [@B82]). Interestingly, the *DRD4*-7R genetic polymorphism, which is associated with reduced binding for dopamine and greater novelty seeking, was *negatively* correlated with romantic love scores at T1. Individuals with the 7R allele show higher rates of promiscuity and novelty seeking ([@B60], meta-analysis; [@B100], meta-analysis; [@B47]). Thus, it is not surprising that in the present study, individuals with the *DRD4*-7R variant showed lower romantic love scores but higher activation in the L VTA, where facial attractiveness promotes activation ([@B8]; [@B135]). Dopamine-related gene expression (*COMT* and *DRD4*) in the L VTA suggests that facial attractiveness, reward, and more generally attraction mechanisms may be fruitful areas of examination for future research on sustaining romantic love in marriages.

*COMT* and *DRD4* also showed significant interactions in the insular cortex which is involved in a variety of functions including reward, emotion, social bonding, sensory processing, and self-awareness (for review see [@B52]). Specifically, the posterior insular cortex area where *DRD4*-effects were shown, is implicated in social support networks in elderly individuals ([@B30]), making this an interesting region for future investigations of relationships. The human insula has also become a target for treatment in a variety of disorders such as substance abuse, depression, anxiety disorders, schizophrenia, and autism. Specifically, dopamine and opioid receptors in the insular cortex are thought to influence addiction ([@B66]). Our findings highlight the role of attachment in sustained romantic love and are consistent with theories suggesting that romantic love is a "natural addiction" ([@B39]).

Collectively, activation of the insula and other regions identified here (e.g., the STG, occipital area, hippocampus, PCL involved in sensory processing) are consistent with the idea that romantic love is an emergent property of pair-bonding whereby multi-sensory information is translated into processes such as communication, empathy, and decision-making as well as complex cognitive processes such as imagining a future together ([@B132]). Thus, basic reward, sensory and higher-order cortical processes and their intersections, as exemplified herein, are critical for the maintenance of romantic love in established pair-bonds.

Deactivations Associated With Romantic Love Maintenance {#S4.SS5}
-------------------------------------------------------

Deactivations emerged in association with romantic love maintenance, at both time points, in the inferior frontal gyrus (IFG) and the temporal gyrus. The IFG plays an evaluative role in multisensory stimuli and may be deactivated when evaluative processes are not engaged ([@B37]; [@B118]). These results are consistent with previous brain imaging studies suggesting that in romantic love, suspension of negative judgment occurs, coinciding with deactivation in the temporal lobe ([@B141]; [@B138]; [@B133]). IFG deactivation has also been associated with impairment in stopping a task once initiated ([@B26]), consistent with the persistence of romantic love in the present sample.

Future Directions and Limitations {#S4.SS6}
---------------------------------

Although this is the first study to provide evidence of the neural and genetic correlates of romantic love maintenance in a sample of newlyweds, it is important to recognize some limitations. The major limitation of this study is the small sample size. Although [@B44] argued that small samples have advantages, small sample sizes and low statistical power may contribute to inflated effect sizes. Many of the effect sizes reported here were moderate to large, but with a larger sample in future studies effect sizes may be smaller. However, we relied on region-of-interest analyses and predicted/planned comparisons, which reduces possible statistical errors. Most importantly, many of our key findings were replicated. Replication is the most important statistical procedure for reliability of a result, and many of our key findings were shown at both time points. Also, a strength and a limitation of the study is the homogeneity of the sample.

Constraining the variables in the sample is important for the reproducibility of the results, but renders the results applicable to a limited population. Thus, generalizability of results is another limitation, as the participants in the present study were mostly well-adjusted, in-love, and highly satisfied with their relationship partner at T1. Nevertheless, this group of newlyweds experienced common marital concerns including the balancing of dual careers, managing domestic chores, and financial issues ([@B79]). Also, in line with theories of "honeymoon effects," one participant showed a steep decline in marital satisfaction and romantic love over the first year of marriage. Thus, it will be critical for future research to recruit larger and more diverse samples to capture the full range of relationship trajectories and pair-bonding strategies.

Another issue was that although we replicated many key findings at T1 and T2, other effects emerged separately for T1 and T2. For example, romantic love at T1 showed significant correlations in regions that are rich in serotonin (raphe and pons), while at T2 the patterns of neural activation were more robust in regions associated with emotion processing and rich in opioid receptors (amygdala and GP). Indeed, there were differences after 1 year of marriage that might indicate changes in attitude toward the partner, additional experiences with partner, envisioning a future together with children, conflict, and general life experiences. However, we refrained from speculating on what these differences in activation (and deactivation) might represent, but we did include the results so that future studies with larger samples (that may use different statistical approaches) may form hypotheses and determine if the neural mechanisms underlying romantic love, and its maintenance, change in consistent ways as a function of time.

To this point, it will be important for future studies on the biological basis of pair-bonding and romantic love to recruit couples with diverse levels of relationship quality. Relationship studies are often biased with positive couples because distressed/conflicted couples are more difficult to recruit as romantic partners often feel uncomfortable disclosing negative thoughts, sentiments, and doubts about their relationship. Additionally, social desirability effects may be especially strong around the time of the wedding; thus, appropriate measurement and objective markers are important for capturing couples that may be particularly vulnerable to conflict and sharp decreases in relationship quality.

In the current study we focused on four genes that have been implicated in social behaviors, including pair-bonding. There is a strong empirical basis for examining the particular genetic polymorphisms. For example, the dopamine receptor variant *DRD4*-7R, which we assessed in the present study, is associated with reproductive sexual behaviors ([@B36]), desire for a wider variety of sexual behaviors ([@B57]), and higher rates of promiscuous behavior and infidelity ([@B47]). However, there are other possibilities to explore. It will be critical for future research to examine a wider array of genetic polymorphisms underlying pair-bonding with larger samples, both with genome-wide association studies (GWAS) and more directed approaches with predicted polymorphisms. It has been shown that in many cases single genes have very small effect sizes (for review, see [@B42]). However, GWAS studies are limited in that they require very large sample sizes ([@B78]). Other important genetic variants may also be examined in future studies, for example, the 5-HTTLPR VNTR of the serotonin transporter gene that has been associated with differences in life history strategy and risk-acceptance in mating competition ([@B98]). Such findings are linked to a broader framework of life history theory than we investigated here, but they are relevant to variation in human mating and pair-bonding strategies ([@B98]; [@B109]).

Also, it is important to note that although identifying biological markers for pair-bonding in group studies is helpful, individual differences must be accounted for. For example, in recent years OT has received significant attention for strengthening pair-bonds (e.g., [@B112]). However, responses to OT may vary according to some oxytocin genetic polymorphisms and gender (e.g., [@B109]; [@B139]). Also, results from brain imaging studies indicate that oxytocin genetic variants may influence couples' sociosexual feelings, sexual behaviors, and intimacy (e.g., [@B3], [@B4]; [@B109]).

Finally, although this study is the first to report neural and genetic mechanisms underlying changes in romantic love in first-time newlyweds, it would be beneficial for future neurobiological studies to expand measurements beyond the first year of marriage. This might capture important changes that occur over marital development such as the addition of offspring, career transitions, and increased interdependence that is an inevitable aspect of marriage.

Conclusion {#S5}
==========

Romantic love plays a critical role in relationship initiation, longevity, and individual well-being. However, the biological mechanisms underlying romantic love maintenance in marriages have gone largely unexplored. For the first time, we investigated anatomically specific neural activations together with targeted genetic variants (*AVPR1a* rs3, *OXTR* rs53576, *DRD4*-7R, and *COMT* rs4680) to determine if these polymorphisms are associated with romantic love maintenance among newlyweds. Our results show that romantic love may be sustained via genetically influenced processes in widespread reward, emotion, and primary sensory regions of the human brain. Taken together, these findings suggest an important role for mammalian attachment and reward mechanisms in generating high-quality pair-bonds resilient to declines in romantic love over time. In addition, the current study provides initial evidence of how genetic polymorphisms mediate variability in behaviors related to romantic love maintenance and pair-bonding during the first year of marriage. Finally, the results are consistent with the overall hypothesis that romantic love is part of a suite of human reproductive strategies, particularly long-term ones, and a developed form of a mammalian drive to pursue and keep preferred mates. This view, along with these findings about genetic variability, can be therapeutically useful by placing romantic love and its maintenance in a larger context than the individual couple seeking help.

Author's Note {#S6}
=============

The data utilized for the current study were part of a broader project (see [@B2], [@B3],[@B4] for other papers), and these results have been published elsewhere ([@B2], [@B3],[@B4]). No analyses in the present research are redundant with any published findings.
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The VTA/SN activation for the *OXTR* rs53576 interaction at T2 was only marginally significant at *p* = 0.09. However, given the strong theoretical and empirical basis for its examination, we noted the VTA replication for Times 1 and 2 in this sample.
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